Replication of retroviruses involves reverse transcription of their RNA genome into double-stranded DNA for integration into the host cell chromosome. Unlike gammaretroviruses, which are generally unable to cross the nuclear membrane, with integration contingent upon nuclear membrane breakdown during mitosis, HIV-1 and other lentiviruses can access the interphase nucleus through the nuclear pore ([@r1][@r2]--[@r3]).

Reverse transcription of the HIV-1 single-stranded RNA genome into double-stranded DNA provirus is initiated by a single tRNA^Lys3^ primer ([@r4]). Extension of this primer, carried out by a viral polymerase \[reverse transcriptase (RT)\], results in synthesis of a continuous minus strand provirus DNA. Synthesis of the plus strand of the provirus, on the other hand, is primed by multiple RNA primers ([@r5][@r6]--[@r7]). Hence, the nascent plus strand contains gaps and flaps, displaced branched DNA/RNA structures ([@r7], [@r8]) that cannot be converted into a continuous DNA strand by the enzymatic activities of the viral RT alone. Notably, the noncanonical DNA structures present in HIV-1 reverse transcription intermediates resemble those that are transiently present in the lagging DNA strand during chromosomal DNA replication. The latter are removed by postreplication DNA repair enzymes, which complete lagging strand synthesis during S-phase ([@r9]). Thus, postreplication DNA repair proteins are likely candidates for enzymes that process HIV-1 reverse transcription intermediates into fully double-stranded provirus DNA. Little is known, however, about these processes, as they have remained largely unexplored.

Innate immunity and intrinsic immunity employ a broad array of effector mechanisms to sense and inhibit retrovirus infection ([@r10]). In response, viruses have evolved countermeasures that neutralize the cellular defenses, and these measures are typically carried out by viral accessory virulence factors ([@r11][@r12]--[@r13]). HIV-1 encodes four such accessory virulence proteins: Vif, Vpu, Vpr, and Nef. These small adaptor proteins nucleate novel protein complexes and use them to subvert key antiviral mechanisms. Vif, Vpu, and Vpr each bind to a specific cellular E3 ubiquitin ligase complex and recruit novel protein substrates possessing anti--HIV-1 activity, thereby directing them for degradation via the ubiquitin/proteasome pathway ([@r12]). Whereas Vif and Vpu use their target E3s to antagonize cellular proteins with demonstrated antiviral activity ([@r14][@r15]--[@r16]), the roles of the usurped by HIV-1 Vpr E3 enzyme and its Vpr-recruited substrates in the HIV-1 replication cycle remain poorly understood.

HIV-1 Vpr, a virion-associated protein, reprograms CRL4^DCAF1^ E3 ubiquitin ligase by binding to its DCAF1 substrate receptor subunit ([@r17][@r18][@r19]--[@r20]). Interestingly, known Vpr-recruited substrates of this E3 are key enzymes in select postreplication DNA repair pathways. In particular, the nuclear isoform of uracil-DNA glycosylase (UNG2) initiates uracil-specific base excision repair ([@r21], [@r22]); helicase-like transcription factor (HLTF) DNA helicase processes branched DNA structures and catalyzes replication fork reversal ([@r23][@r24]--[@r25]); MUS81-EME1(-EME2) nuclease also processes branched DNA structures ([@r26][@r27]--[@r28]); and exonuclease 1 (Exo1), a versatile exonuclease possessing FLAP nuclease and ribonuclease H (RNAseH) activity, is involved in homologous recombination-mediated DNA repair processes, as well as in mismatch repair ([@r29], [@r30]). HIV-1 Vpr also targets for degradation the DCAF1-associated methylcytosine dioxygenase TET2 ([@r31]). TET2 mediates active DNA demethylation and is involved in damaged DNA repair ([@r32], [@r33]). In view of the above, it is thus not surprising that a subset of Vpr molecules is chromatin-bound and associated with DNA repair foci ([@r34], [@r35]) and that Vpr activates the DNA damage checkpoint, leading to cell cycle arrest in G2 phase ([@r35], [@r36]). The above evidence reveals that HIV-1 Vpr engages in multiple functional interactions with the postreplication DNA repair machinery.

By analogy to other antiviral factors antagonized by viral accessory proteins ([@r11], [@r13]), the above studies proposed a model in which select postreplication DNA repair enzymes restrict HIV-1 replication and are removed from infected cells by HIV-1 Vpr, via CRL4^DCAF1^ E3, to relieve the restrictions. In support of this model is the finding that UNG2 restricts HIV-1 infection in macrophages by initiating uracil excision in nascent HIV-1 reverse transcripts ([@r37]). Furthermore, Exo1 was shown to restrict HIV-1 replication in T cells ([@r29]). However, little is known about the roles of HIV-1 Vpr interactions with other aspects of postreplication DNA repair proteins in the HIV-1 replication cycle.

Here, we continued testing the hypothesis that specific aspects of the DNA repair machinery restrict HIV-1 infection in T lymphocytes and that HIV-1 Vpr counteracts these restrictions. Using a sensitive HIV-1 replication fitness assay, we found that HIV-1 Vpr promotes HIV-1 replication by antagonizing the restriction mediated by a DNA repair pathway controlled by HLTF DNA helicase and multifunctional Exo1 nuclease. Overall, our findings reveal that multiple aspects of the cellular DNA repair machinery restrict HIV-1 in dividing T cells.

Results {#s1}
=======

Vpr Promotes HIV-1 Replication in T Cells. {#s2}
------------------------------------------

The *vpr*-dependent differences in HIV-1 replication kinetics in T cells were previously detected using parallel spreading replication assays ([@r29], [@r38], [@r39]). These differences were not very robust, and hence not widely accepted. Therefore, we implemented a robust, internally controlled pairwise replication competition assay (PRCA) for the purpose of in-depth studies of *vpr*'s role in HIV-1 replication in T cells. PRCA provides a robust measure of relative HIV fitness as viral variants compete for the same cell population under identical environmental conditions ([@r40], [@r41]). For this assay, we used a pair of HIV-1 NL4-3--derived reporter viruses that were isogenic, except for a cluster of silent mutations in the red fluorescent protein (RFP) marker gene inserted between *env* and *nef* ORFs. The wild-type (wt) and mutant RFP (mRFP) sequences provided unique tags for selective detection of each of the two viruses in coinfection experiments by qPCR assay ([Fig. 1*A*](#fig01){ref-type="fig"}). To validate the assay, CEM.SS T cells were infected with a 1:1 mixture of the two viruses, both containing wt NL4-3 *vpr* gene (*vpr.wt*), at a low multiplicity of infection (moi). At 3, 5, and 7 d postinfection (dpi), cell-associated HIV-1 DNA and cell-free HIV-1 RNA in cell culture supernatants were quantified by qPCR/qRT-PCR. Of note, only the infected cultures with less than 5% of cells expressing RFP/mRFP marker proteins at 7 dpi were selected for analysis to minimize the likelihood of coinfection by the competing viruses and subsequent generation of recombinants that could lead to suppression of the *vpr* phenotype. As expected, the viruses replicated at similar rates, with their ratios remaining constant over time ([Fig. 1*B*](#fig01){ref-type="fig"}, panels 1--4). Next, we assessed the relative replication fitness of HIV-1 viruses with the *vpr* gene disrupted, either by a premature stop codon at Vpr glutamine residue Q8 (*vpr.Q8\**) or by a frameshift-generating mutation at glycine residue G43 (*vpr.Δ*). Specifically, CEM.SS T cells were coinfected with mRFP-reporter HIV-1 carrying *vpr.wt* (HIV-1.mRFP.*vpr*.*wt*) and RFP-reporter HIV-1 carrying the *vpr.Q8\** (HIV-1.RFP.*vpr*.*Q8\**) or the *vpr.Δ* allele (HIV-1.RFP.*vpr.Δ*). Significantly, both *vpr* mutations markedly attenuated HIV-1 replication ([Fig. 1*B*](#fig01){ref-type="fig"}, panels 5--12 and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)). This effect, seen for both cell-associated DNA and cell-free viral RNA, was already detectable at 3 dpi, and at 7 dpi, the *vpr*-defective HIV-1 was severely outcompeted by the HIV-1 with wt *vpr* gene (∼5--10% *vpr*.*Q8\**/*vpr*.*Δ* compared with ∼90--95% *vpr*.*wt*). Importantly, this *vpr* phenotype was also seen in PRCA with replication-competent HIV-1 carrying *vpr.wt* or *vpr.Δ* allele and lacking the *RFP/mRFP* and internal ribosome entry site (*IRES*) elements (i.e., devoid of any exogenous sequences) ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)), and was seen when the competing *vpr.wt* and *vpr.Q8\** viruses harbored red (*RFP-IRES*) and/or blue (*BFP-IRES*) reporter cassettes and replication was quantified by flow cytometry ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)). Together, the above experiments corroborate, through independent assays, that Vpr promotes HIV-1 replication in T cells. This finding confirms some previous reports ([@r29], [@r38], [@r39]) and counters a common perception that Vpr facilitates HIV-1 replication only in monocyte-derived macrophages ([@r42][@r43][@r44][@r45]--[@r46]).

![Vpr promotes HIV-1 replication in CEM.SS T cells. (*A*) Schematic representation of HIV-1.mRFP.*vpr* and HIV-1.RFP.*vpr* reporter constructs used in the PRCA. ORFs are shown as rectangles. The viruses are isogenic, except for an array of silent mutations in the *RFP* gene, indicated by a red lollipop, which provides unique primer annealing sites in the wt *RFP* and its mutant (*mRFP*) that allow their quantification by qPCR in coinfection assays. In some experiments, mutations were introduced into the *vpr* gene (*mvpr*) of the HIV-1.RFP construct. For the *mvpr* constructs, another set of primers, distinguishing between the *vpr.wt* and *vpr.Δ* alleles, was used to quantify viruses carrying those alleles. The locations of the *vpr.wt*, the deleted *vpr.Δ* amplicons (*vpr*-ampl), and the *RFP* and *mRFP* amplicons (*RFP*-ampl) are indicated. (*B*) PRCA reveals a positive effect of HIV-1 *vpr* on HIV-1 replication in CEM.SS T cells. CEM.SS T cells were infected with a normalized mixture, at 1:1 ratio, of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*wt* (panels 1--4), HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr.Δ* (panels 5--8), or HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr.Q8*\* (panels 9--12), at an moi of 0.006--0.02. The infected cultures were sampled 3, 5, and 7 dpi, and cell-associated HIV-1 DNA, as well as cell-free HIV-1 RNA, for each of the competing viruses was quantified by qRT-PCR, using *mRFP* and *RFP* amplicons and, in some experiments, also using *vpr*.*wt* and *vpr.Δ* amplicons ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)). The number of copies per cell of cell-associated HIV-1 DNA from each of the competing viruses is shown in panels 1, 5, and 9, with the relative percentages shown in panels 2, 6, and 10. Quantification of cell-free viral RNA in culture medium on 1 dpi and 7 dpi is shown in panels 3, 7, and 11. Percentages of the competing viruses in the initial infecting mixture (IN) of cell-associated DNA and cell-free RNA at 7 dpi are shown in panels 4, 8, and 12. The cell-associated HIV-1 DNA data (two leftmost panels) and the virion-associated HIV-1 RNA data (two rightmost panels) are from different experiments. The data are representative of three independent experiments. (*C*) Virion incorporation of mutant HIV-1 Vpr proteins. Concentrated, normalized HIV-1.mRFP.R viruses with wt or mutated *vpr* gene were analyzed by immunoblotting with antibodies reacting with p24 capsid or HIV-1 Vpr. (*D*) Vpr functions mediated via Q65 and R80 account for the positive effect of Vpr on viral fitness. PRCA was performed as described above with the HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q65R* mixture (panels 13--16) or the HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*R80A* mixture (panels 17--20).](pnas.1818401116fig01){#fig01}

The Positive Effect of Vpr on HIV-1 Replication Requires Vpr Glutamine Q65 and Arginine R80. {#s3}
--------------------------------------------------------------------------------------------

To assess whether Vpr interaction with CRL4^DCAF1^ E3 and/or the DNA damage checkpoint has a role in HIV-1 replication, we tested the effects of two Vpr mutations, Q65R and R80A, that disrupt these functions. In particular, Vpr.Q65R binds DCAF1 poorly and is defective for all Vpr functions mediated by the CRL4^DCAF1^ E3 ligase, including its ability to deplete HLTF, UNG2, Exo1, MUS81, and TET2 ([@r19], [@r24], [@r31]). The Vpr.R80A variant retains the ability to bind DCAF1 and functions through its associated CRL4 E3 ([@r27], [@r47]). However, neither the Vpr.Q65R variant nor the Vpr.R80A variant arrests cells in G2 phase ([@r19], [@r48]).

PRCA was performed with mixtures of the reference mRFP-reporter HIV-1 *vpr*.*wt* and the RFP-reporter HIV-1 *vpr*.*Q65R* or *vpr*.*R80A* viruses. Of note, both the Vpr.Q65R and Vpr.R80A proteins were well packaged into HIV-1 virions ([Fig. 1*C*](#fig01){ref-type="fig"}). Interestingly, both variants were grossly defective for stimulating HIV-1 replication in CEM.SS T cells, similar to those with *vpr.Q8\** or *vpr.Δ* mutation ([Fig. 1*D*](#fig01){ref-type="fig"}). Of note, when competing directly, the *vpr.Q65R* and *vpr.R80A* viruses replicated at roughly similar rates, as expected ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)).

HIV-1 Vpr Q65 and R80 Mediate Enhanced HIV-1 Replication in Activated Primary CD4^+^ T Cells. {#s4}
---------------------------------------------------------------------------------------------

As further validation of our PRCA data, we next assessed Vpr's role in HIV-1 replication in activated primary CD4^+^ T cells. HIV-1 with the inactivating Vpr Q8\* mutation was severely outcompeted (∼19:1 by 7 dpi) by HIV-1 encoding wt Vpr protein ([Fig. 2](#fig02){ref-type="fig"}), similar to what we observed in CEM.SS T cells. The effects of the Vpr Q65R and R80A mutations were also strong but less drastic, with the mutant viruses outcompeted by approximately fourfold. The quantitative differences between the effects of the Q8\* and Q65R or R80A mutations were statistically significant, suggesting that Vpr acts to promote HIV-1 replication in a more complex manner in activated primary CD4^+^ T cells than in CEM.SS T cells. These data reveal that HIV-1 Vpr glutamine Q65 and arginine R80 mediate enhanced HIV-1 replication in T cells, thus linking this effect to Vpr interactions with CRL4^DCAF1^ E3 and its Vpr-recruited substrates (via Q65R), as well as with other aspects of the postreplication DNA repair machinery (via R80A), and, importantly, validate CEM.SS T cells as a model to study the role of these interactions in HIV-1 replication.

![Positive effect of Vpr on HIV-1 replication in activated primary CD4^+^ T cells is linked to interaction with CRL4^DCAF1^ E3 and activation of the DNA damage checkpoint. CD4^+^ T cells were activated with α-CD3/α-CD28 beads, infected with 1:1 mixture of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*wt* (panels 1--2), HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q8*\* (panels 3--4), HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q65R* (panels 5--6), or HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*R80A* (panels 7--8), at a low moi. The percentage of cell-associated HIV-1 DNA for viruses in each of the competing pairs over time is shown for representative experiments (panels 1, 3, 5, and 7). Percentages of competing viruses in the inocula (INPUT) and of cell-associated DNA at 7 dpi, determined for each virus pair in four biological replicate experiments, are also shown (panels 2, 4, 6, and 8). Each experiment was performed with cells from a different donor. The statistical significance of differences between competing viruses in each pair (*t* test) within the graphs and among pairs (one-way ANOVA with a post hoc Tukey test) is shown on the right side of the panels. \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001. ns, not significant.](pnas.1818401116fig02){#fig02}

HLTF Restricts HIV-1 Replication in T Cells in a Vpr-Dependent Manner. {#s5}
----------------------------------------------------------------------

We next focused our attention on the HTLF DNA helicase. HLTF was previously identified as a direct substrate of the CRL4^DCAF1^ E3 ubiquitin ligase that is reprogrammed by HIV-1 Vpr ([@r24], [@r25], [@r49]). To test whether HLTF restricts HIV-1 replication, PRCA with a pair of HIV-1 viruses carrying wt or Q8\* mutated *vpr* gene was performed using a CEM.SS T cell population harboring a doxycycline-inducible RNA interference (RNAi)-resistant codon-optimized HLTF transgene (CEM.SS_iHLTFo). The cells were subjected to nontargeting (NT) or endogenous HLTF-targeting RNAi in the absence or presence of doxycycline ([Fig. 3*B*](#fig03){ref-type="fig"}), and PRCA was initiated 3 d later. Replication of HIV-1 with Q8\* mutated *vpr* gene in HLTF-depleted cells was enhanced compared with that in control cells at 7 dpi ([Fig. 3*A*](#fig03){ref-type="fig"}, *Top* and *Middle*), indicating that HLTF restricts HIV-1 replication. This effect, consistently observed in multiple independent experiments, was also reflected by an increased percentage of HIV-1 with the defective *vpr*.*Q8\** allele in cell-associated viral DNA ([Fig. 3 *A*](#fig03){ref-type="fig"}, *Bottom* and [*C*](#fig03){ref-type="fig"}). Significantly, replication of HIV-1 with wt *vpr* gene was also enhanced in HLTF-depleted cells, although to a lesser extent than that of the *vpr*-deficient HIV-1 (threefold vs. ninefold; [Fig. 3*A*](#fig03){ref-type="fig"}, *Middle*), indicating that Vpr only partially antagonizes this restriction. Finally, HLTF depletion did not restore the replication of HIV-1 with *vpr*.*Q8\** to levels seen for HIV-1 with *vpr.wt* allele, indicating that Vpr employs additional mechanisms, besides antagonizing HLTF, to promote HIV-1 replication. Similar observations were made in experiments with another T cell line, HPB.ALL T cells, albeit the Vpr antagonism appeared less robust in these cells, indicating that the HTLF restriction phenotype was not limited to CEM.SS T cells ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)). Importantly, doxycycline-induced ectopic expression of the RNAi-resistant HLTFo in HLTF-depleted cells suppressed HIV-1 replication and restored the proportions of the viruses with *vpr*.*wt* and *vpr*.*Q8\** alleles to levels similar to those seen in control CEM.SS T cells subjected to NT RNAi ([Fig. 3*A*](#fig03){ref-type="fig"}). This result excluded the possible involvement of off-target effects of HLTF-directed RNAi and corroborated that the observed virological phenotypes reflect genuine HLTF-mediated restriction of HIV-1 replication.

![HIV-1 Vpr antagonizes HLTF-mediated restriction of HIV-1 replication in T cells. (*A*) HLTF restricts HIV-1 replication. CEM.SS T cells harboring doxycycline-inducible codon-optimized HLTF transgene (CEM.SS_iHLTFo) were subjected to NT or targeting endogenous HLTF mRNA (HLTF) RNAi in the absence or presence of the indicated concentrations of doxycycline (ng/mL). (*Left*) Three days after initiation of RNAi, PRCA was performed with a 1:1 mixture of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q8*\*. (*Right*) As a control, PRCA was also performed in parental CEM.SS T cells cultured in the absence or presence of doxycycline. (*Upper*) Cell-associated DNA of the competing viruses was quantified at 7 dpi. (*Middle*) Fold-change in HIV-1 DNA copies in cells subjected to HLTF RNAi, normalized to those in cells subjected to NT RNAi. (*Lower*) Percentages of cell-associated HIV-1 DNA for the competing viruses. (*B*) HLTF levels in CEM.SS_iHLTFo and parental CEM.SS T cell populations used in experiments shown in *A* were revealed by immunoblotting. Lamin B1 provided a loading control. (*C*) HLTF depletion partially restores the HIV-1 replication fitness advantage provided by Vpr. CEM.SS T cells were subjected to NT or HLTF-targeting (HLTF) RNAi and infected with a 1:1 mixture of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q8*\*. Percentages of cell-associated DNA for the competing viruses at 7 dpi (*Left*) and fold-change in HIV-1 DNA copies per cell in cells subjected to HLTF-targeting RNAi normalized to those in cells subjected to NT RNAi (*Right*) are shown. The data shown are from five biological replicate experiments. \*\*\**P* \< 0.001.](pnas.1818401116fig03){#fig03}

HLTF HIRAN Domain Mediates Restriction of HIV-1 Infection. {#s6}
----------------------------------------------------------

HLTF is a modular multidomain protein ([Fig. 4*A*](#fig04){ref-type="fig"}) controlling distinct postreplication DNA repair pathways. For example, through its RING domain, HLTF acts as an E3 ubiquitin ligase for polyubiquitylation of proliferating cell nuclear antigen (PCNA) and prevents recruitment of error-prone DNA polymerases to PCNA, thereby suppressing this mutagenic repair pathway ([@r50], [@r51]). Distinctively, in a RING domain-independent manner, the HLTF HIRAN domain binds the 3′ end of single-stranded DNA and recruits HLTF to fork-like branched DNA structures, where it acts as an ATP-dependent double-stranded DNA translocase to remodel these structures and displace bound proteins ([@r2], [@r52], [@r53]). To determine whether RING and/or HIRAN domain-mediated HLTF functions have a role in restricting HIV-1 replication, we took advantage of HLTF variants containing mutations that disrupt HIRAN single-stranded DNA 3′ end binding (K71E/Y72A/Y73A) ([@r53]) or disrupt the RING domain surface that mediates binding to the E2 enzyme (I761A) ([@r54]).

![HLTF DNA-binding HIRAN domain mediates restriction of HIV-1 replication. (*A*) HLTF domain organization and summary of mutations. Schematic representation of the HLTF protein showing the location of the HIRAN, RING, SNF2, and discontinuous DEXDc and HELICc helicase domains. Locations of mutations disrupting DNA binding by the HIRAN domain (R71E, Y72A, Y93A) and E3 ubiquitin ligase activity of the RING finger domain (I761A) are indicated. (*B*) Endogenous and ectopic HLTF levels in cell lysates were revealed by immunoblotting with α-HLTF antibody. Lamin B1 provided a loading control. Dox, doxycycline. (*C*) HIRAN domain mediates restriction of HIV-1 replication. Control CEM.SS_iHLTFo (*Left*) and CEM.SS_iHLTFo_HIRAN (*Right*) T cells were subjected to NT or HLTF-targeting (HLTF) RNAi in the absence (−) or presence (+) of Dox (100 ng/mL), as indicated. PRCA with a 1:1 mixture of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q8*\* was initiated 3 d later. Cell-associated DNA for each of the competing viruses was quantified at 7 dpi and normalized to that in cells treated with NT RNAi. The fold-change in HIV-1 DNA copies per cell in cells depleted of endogenous HLTF and ectopically expressing HLTF with wt (*Left*) or mutant (*Right*) HIRAN domain is shown. The data shown are from three biological replicate experiments. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. ns, not significant. (*D*) Functional RING domain is dispensable for HLTF-mediated restriction. Experiments with CEM.SS_iHLTFo and CEM.SS_iHLTFo_RING T cells were performed exactly as described for *C* above.](pnas.1818401116fig04){#fig04}

RNAi-resistant HLTF gene variants harboring HIRAN (HLTFo_HIRAN) or RING domain (HLTFo_RING) mutations were transduced into CEM.SS T cells as doxycycline-inducible transgenes. The resulting cell populations, along with control CEM.SS_iHLTFo T cells, were subjected to NT or HLTF-targeting RNAi, in the absence or presence of doxycycline, leading to efficient depletion of the endogenous HLTF levels by 3 d postinitiation of RNAi ([Fig. 4*B*](#fig04){ref-type="fig"}). Next, the cells were challenged with a 1:1 mixture of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q8\**, and their replication was quantified 7 dpi. Depletion of endogenous HLTF was associated with an accelerated replication of both viruses, with the effect being more pronounced for the *vpr*-defective Q8\* HIV-1. Ectopic expression of HLTFo suppressed replication of both viruses to levels similar to those seen in control cells (NT), as expected ([Fig. 4 *C* and *D*](#fig04){ref-type="fig"}, *Left*). Notably, expression of HLTFo_HIRAN failed to suppress replication of both viruses in endogenous HLTF-depleted cells, despite expression levels being comparable to those of wt HLTFo ([Fig. 4*C*](#fig04){ref-type="fig"}, *Right*). In contrast, the RING domain-mutated HLTFo_RING efficiently suppressed HIV-1 replication ([Fig. 4*D*](#fig04){ref-type="fig"}, *Right*). We conclude that single-stranded DNA 3′ end-binding activity of the HLTF HIRAN domain mediates the restriction of HIV-1 replication, whereas the RING domain E3 ubiquitin ligase activity is likely dispensable.

Exo1 and HLTF Effects Are Largely Codependent. {#s7}
----------------------------------------------

Exo1, a versatile 5′→3′ DNA exonuclease involved in multiple DNA repair pathways, restricts HIV-1 replication in T cells, and this restriction is counteracted by HIV-1 Vpr ([@r29]). Epistasis experiments were performed to assess the relation between Exo1- and HLTF-mediated restrictions. Exo1 and HLTF levels were knocked down individually or in combination by RNAi in CEM.SS T cells, and PRCA was performed with a pair of HIV-1 viruses harboring the *vpr.wt* or *vpr.Q8\** allele. As shown in [Fig. 5](#fig05){ref-type="fig"}, both viruses replicated more rapidly in Exo1-depleted cells, and this effect was more pronounced for the *vpr*-defective *vpr.Q8\** HIV-1, similar to what we observed with HLTF-depleted cells. Of note, the latter effect, while not detected previously in parallel replication assays ([@r29]), was clearly revealed in the more robust, internally controlled PRCA. Interestingly, virus replication in Exo1- and HLTF-codepleted cells was similar to that seen upon Exo1 or HLTF single depletion. These data suggest that the Exo1- and HLTF-mediated restrictions are codependent, rather than additive, and target the same pool of HIV-1 cDNA.

![Exo1 and HLTF epistasis studies. (*A*) CEM.SS T cells were subjected to NT, Exo1-targeting, and/or HLTF-targeting RNAi, as indicated. PRCA with a 1:1 mixture of HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr*.*Q8*\* was initiated 3 d later, and cell-associated DNA for each of the competing viruses was quantified at 7 dpi. Fold-change (*Left*) and relative percentages (*Right*) of cell-associated HIV-1 DNA copies per cell for the competing viruses are shown at 7 dpi. A representative of three experiments is shown. Only *P* values for HIV-1.RFP.*vpr*.*Q8*\* lower than 0.05 are shown: \**P* \< 0.05; \*\**P* \< 0.01. (*B*) Exo1 and HLTF levels in extracts from cells subjected to RNAi assessed at the time of HIV-1 infection were revealed by immunoblotting. Lamin B1 provided a loading control.](pnas.1818401116fig05){#fig05}

Search for Additional Components to the Positive Effect of Vpr on HIV-1 Replication in T Cells. {#s8}
-----------------------------------------------------------------------------------------------

The studies described above indicate that HLTF antagonism contributes to the positive effect of Vpr on HIV-1 replication. They also suggest, however, that Vpr employs additional mechanisms, besides antagonizing HLTF, to promote HIV-1 replication. Hence, we were interested in learning whether other previously identified direct targets of HIV-1 Vpr, such as cyclic GMP-AMP synthase (cGAS)-mediated signaling ([@r39]) and TET2 ([@r31]), contribute significantly to the restriction of HIV-1 replication in CEM.SS T cells. As shown in [Fig. 6 *A* and *B*](#fig06){ref-type="fig"}, RNAi-mediated depletion of cGAS and TET2 did not significantly alter the competitive advantage provided by the presence of Vpr.

![Search for additional Vpr-antagonized components that restrict HIV-1 replication in CEM.SS T cells. PRCA with HIV-1.mRFP.*vpr*.*wt* and HIV-1.RFP.*vpr.Q8*\* was performed in CEM.SS T cells. Percentages of cell-associated HIV-1 DNA of the competing viruses at 7 dpi are shown. INPUT, percentages of the competing viruses in the initial inoculum. (*A*) TET2 and cGAS sensing pathway. CEM.SS T cells were subjected to NT RNAi using two different shRNAs (NT1 and NT2) or RNAi targeting cGAS or TET2. The cells were infected with HIV-1 3 d after initiation of RNAi. (*B*) cGAS and TET2 levels in cell extracts at the time of HIV-1 infection were revealed by immunoblotting. SF2 and lamin B1 provided loading controls. Results representative of two biological replicate experiments are shown. (*C*) Epigenetic modifiers. CEM.SS T cells were cultured in the presence of SAHA (200 nM), TSA (1 nM), GSK343 (0.7 μM), EX527 (10 μM), SGC0946 (2 μM), C646 (3 μM), and UNC0638 (1 μM), starting 12 h before HIV-1 infection until 7 dpi. Results representative of three biological replicate experiments are shown. (*D*) HUSH complex. CEM.SS T cells were subjected to NT RNAi (CT1), or shRNAs targeting TASOR. The cells were infected with HIV-1 3 dpi of RNAi. TASOR levels in cell extracts at the time of HIV-1 infection were revealed by immunoblotting. Lamin B1 provided a loading control. Results representative of two biological replicate experiments are shown.](pnas.1818401116fig06){#fig06}

HIV-1 Vpr was reported to modulate epigenetic silencing of HIV-1 proviruses ([@r55], [@r56]). We assessed the potential contribution of such effects to the Vpr-dependent enhancement of HIV-1 replication by interrogating the previously implicated epigenetic silencers or modifiers of HIV-1 provirus expression ([@r57]), using a panel of pharmacological inhibitors. In particular, we tested possible roles of (*i*) histone methyltransferases G9a with UNC0638 inhibitor, DOT1L with SGC0946, and EZH2 with GSK343; (*ii*) histone deacetylases with suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA); (*iii*) p300 histone acetyltransferase with C646; and (*iv*) sirtuin 1 (SIRT1) with EX527. Although small effects were detected in some cases, they were not statistically significant ([Fig. 6*C*](#fig06){ref-type="fig"}).

Finally, using our sensitive PRCA, we reexamined the possible role of the human silencing hub (HUSH) repressor complex by RNAi-mediated depletion of its TASOR subunit. The HUSH complex silences a wide range of retroposons and retroviruses, including HIV-1, and is antagonized by HIV-2 Vpx and related Vpx and Vpr proteins found in lentiviruses infecting nonhuman primates ([@r58][@r59]--[@r60]). We found that TASOR depletion stimulated the replication of HIV-1 containing wt *vpr* gene by approximately twofold over a 7-d PRCA, but in a Vpr-independent manner ([Fig. 6*D*](#fig06){ref-type="fig"}). Of note, HIV-1 Vpr did not appear to detectably deplete any of the subunits of the HUSH complex, in contrast to simian immunodeficiency virus (SIV) mac239 Vpx ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)), in agreement with previous reports ([@r58], [@r61]). Together, these data suggest that antagonism of the HUSH complex, or the epigenetic modifiers tested, by Vpr does not account for the Vpr-elicited HIV-1 replication phenotype in our experimental system. Additional studies are needed to identify relevant downstream targets of HIV-1 Vpr in T cells.

Discussion {#s9}
==========

HIV-1 Vpr has been thought to facilitate HIV-1 replication mainly in nondividing macrophages, and evidence for its role in cycling T lymphocytes has been sparse. Here, using pairwise replication competition assays, we demonstrate that Vpr potently stimulates HIV-1 replication in both CEM.SS and HPB.ALL T cell lines as well as in activated primary CD4^+^ T cells, the main cellular target of HIV-1 infection. Whereas previously used parallel replication assays can reveal *vpr*-dependent differences in HIV-1 replication rate, to be robust, the assays must be performed at a low moi and parallel cultures have to be treated in exactly the same way, with the experimental end point well before target cells become depleted by viral infection, since Vpr's ability to arrest cell growth could differentially affect target cell availability. As such, noncompetitive replication assays are more error-prone and less well suited to reveal the positive effect of *vpr* on HIV-1 fitness compared with internally controlled PRCAs in which viral variants compete for the same cell population under identical environmental conditions. The latter, however, appear prone to generation of recombinant viruses, which could result in quantitative data variation.

The positive effect of HIV-1 Vpr is linked to its interactions with specific aspects of the cellular postreplication DNA repair machinery. We provide evidence that this effect is mediated, in part, by Vpr antagonism of the HLTF and Exo1 nuclease, the HIV-1 Vpr-recruited CRL4^DCAF1^ E3 substrate proteins ([@r24], [@r29]), and an as yet to be identified mechanism linked to the DNA damage checkpoint. Overall, our findings provide direct evidence for the existence of novel restrictions on HIV-1 replication conferred by postreplication DNA repair enzymes in dividing T cells, and their counteraction by HIV-1 Vpr.

Our data clearly show that HLTF restricts HIV-1 replication. The requirement for a functional HLTF HIRAN domain suggests a likely underlying mechanism. HIRAN, a single-stranded DNA 3′ end-binding domain, cooperates with HLTF translocase activity to unwind the leading DNA strand at stalled replication forks, thereby providing a template for error-free DNA synthesis and bypassing the lesion on the parental strand ([@r53], [@r62]). During replication fork remodeling, HLTF can displace a wide range of proteins bound to DNA ([@r63]). Significantly, branched DNA structures resembling the gapped-fork model of HLTF substrates are generated during plus strand DNA displacement synthesis by RT at early steps of retrovirus infection. The central DNA flap is an example of such a structure and results from displacement DNA synthesis through the RNAseH-resistant central polypurine track, which primes plus strand DNA at the center of the HIV-1 genome ([@r7], [@r8]). Similar structures may also be generated during LTR synthesis and in other regions of the HIV-1 genome ([@r6], [@r64], [@r65]). Notably, previous findings revealed that reversed fork structures, such as those generated by HLTF, can be substrates for nucleolytic degradation by Exo1 ([@r66], [@r67]), providing a possible explanation for the codependence of HLTF- and Exo1-mediated restrictions of HIV-1 infection, as observed here in epistasis studies. Thus, overall, a model in which sensing and processing of fork-like branched DNA structures by HLTF and Exo1 interfere with ordered progression of plus strand synthesis could explain our finding.

Interestingly, HLTF was recently identified to be a restriction factor for human cytomegalovirus (HCMV), which replicates and is maintained in the nucleus of the infected cells as a chromatinized episome ([@r68]). Significantly, the early gene product UL145 of HCMV antagonizes HLTF-mediated restriction, also via a CRL4 E3 enzyme ([@r68]). Thus, HLTF DNA helicase appears to have rather broad antiviral activity, restricting both DNA viruses and HIV-1, which replicates through a double-stranded DNA intermediate.

Our finding that both the Vpr glutamine Q65 and arginine R80 are required for the stimulation of HIV-1 replication in T cells links this effect to Vpr's ability to activate the DNA damage checkpoint controlled by the ATR kinase ([@r19], [@r36], [@r69]). This checkpoint is canonically activated by sensing single-stranded DNA regions and junctions between single-stranded DNA and double-stranded DNA ([@r70]). Whereas the HIV-1 Vpr antagonisms with Exo1, HLTF, and Mus81 are not sufficient for checkpoint activation ([@r24], [@r29]) and the underpinning biochemical mechanism(s) remains to be elucidated, the dual requirement for glutamine Q65, which mediates Vpr subversion of the CRL4^DCAF1^ E3 complex, and for arginine R80 suggests a model in which R80 mediates recruitment of a novel CRL4^DCAF1^ E3 substrate protein(s) that restricts HIV-1 infection. The depletion of this protein(s), while relieving restriction, also leads to checkpoint activation and cell cycle arrest in G2 phase. Eventual identification of the HIV-1 Vpr target impinging on the ATR-mediated checkpoint will allow this model to be tested. Of note, HIV-1 Vpr arginine R80 probably mediates an additional function(s) that does not involve CRL4^DCAF1^ E3, as the consequences of mutating this residue are more severe than those resulting from disrupting Vpr binding with DCAF1 by glutamine Q65R mutation.

It is tempting to speculate that the ability of HIV-1 reverse transcription complex (RTC)/preintegration complex (PIC) to enter the nucleus when the postreplication DNA repair machinery is active in S phase sets the stage for restriction by DNA repair enzymes. Regarding the timing, one possible scenario is that repair processing of the HIV-1 reverse transcripts takes place before integration, and thereby interferes with ordered progression of plus strand DNA synthesis. This scenario is supported by our finding that *vpr* stimulates the levels of HIV-1 reverse transcription intermediates by roughly 20--30% in single infection cycle PRCA. As shown in [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental), this effect is also observed when PRCA is carried out in the presence of the integrase inhibitor raltegravir, and hence reflects *vpr* action before integration. Notably, this preintegration component appears to be a major contributor to the *vpr* effect on HIV-1 replication in CEM.SS T cells. Interestingly, HLTF was recently shown to restrict replication of HCMV, which persists in infected cells in the form of unintegrated episomes ([@r68]). Alternatively, the restriction could result from an encounter between an active replication fork and a not fully double-stranded proviral DNA newly integrated into an active replicon. In support of the latter scenario, viral DNA in HIV-1 PIC was shown to be competent for integration despite containing gapped/nicked DNA ([@r6], [@r65]). While we favor the former model, as the cellular postreplication DNA repair machinery has evolved to process DNA at chromosomal loci, rather than in the context of unintegrated episomes, a contribution from a postintegration component to HLTF-mediated HIV-1 restriction cannot be excluded based on existing data.

Evidence from this study and previous reports supports the existence of multiple components to HIV-1 Vpr function. One set constitutes antagonisms with several postreplication DNA repair proteins, mediated by the reprogrammed by Vpr CRL4^DCAF1^ E3 ubiquitin ligase. In particular, in T cells, Vpr uses this E3 to counteract the HLTF-mediated, Exo1-mediated ([@r29]), and likely additional restrictions of HIV-1 replication. Distinctively, in monocyte-derived macrophages and/or monocytic cell lines, Vpr uses CRL4^DCAF1^ to antagonize HIV-1 restriction by base excision repair enzyme UNG2 and TET2 methylcytosine dioxygenase ([@r31], [@r37]). In primary T cells, Vpr likely exerts additional effects that are not mediated by CRL4^DCAF1^ E3. This is supported by our observation that disruption of Vpr binding to DCAF1, by Q65R mutation, only partially suppressed Vpr function in these cells. Candidate mediators are the previously reported Vpr targets in RNA splicing, protein translation, and other cellular machineries ([@r71][@r72]--[@r73]). The above evidence reveals flexible use of multiple Vpr functions, including the reprogrammed CRL4^DCAF1^ E3, in a cell type-dependent manner to promote HIV-1 replication. The experimental system described here can be used to scrutinize contributions of individual components to virological effects of Vpr in distinct HIV-1 target cell types.

In sum, this and other recent studies have begun to reveal complex restrictions placed on HIV-1 replication by postreplication DNA repair enzymes, and their counteraction by HIV-1 Vpr ([@r27], [@r29], [@r37]). HIV-1 Vpr antagonism of select aspects of postreplication DNA repair provides evidence that certain modes of repair processing of proviral DNA can interfere with HIV-1 replication. Further studies on HIV-1 replication restrictions placed by DNA repair enzymes should reveal the full impact and detailed antiviral mechanisms exploited by this so far poorly characterized class of HIV-1 restriction factors.

Materials and Methods {#s10}
=====================

HIV-1 Reporter Viruses. {#s11}
-----------------------

HIV-1.RFP.*vpr*.*wt* and its derivatives are replication-competent HIV-1 NL4-3 viruses with a tagRFP-IRES cassette inserted between the second and third *nef* codons. Translation of Nef protein is directed by the IRES element. HIV-1.mRFP.*vpr*.*wt* is isogenic to HIV-1.RFP.*vpr*.*wt*, except for a variant tagRFP gene (mRFP) containing an array of synonymous changes: (RFP) GCT ACC AGC TTC ATG TAC GGC AGC AGA ACC \> (mRFP) GCC ACA TCT TTT ATG TAT GGG TCT CGC ACA. The *vpr* mutations are *vpr*.*Q8*\* (CAA \> TAA), *vpr.Δ* (TAGGACAACA125 \> Δ), *vpr*.*Q65R* (CAA \> AGA), and *vpr*.*R80A* (AGA \> GCC). HIV-1.BFP reporter viruses contain tagBFP ([@r74]) in place of the RFP/mRFP coding sequence. HIV-1 *vpr.wt* and *vpr.Δ* lacking any exogenous sequences (e.g., lacking RFP/mRFP-IRES cassettes) were constructed by replacing the BamH1-XhoI fragment comprising 3′-segment_of\_*env*--*RFP/mRFP*--IRES-5′\_segment_of\_*nef* with BamHI-XhoI fragment derived from the HIV-1 NL43 molecular clone, thereby restoring the native NL43 sequence. All mutations and constructs were verified by DNA sequencing. Virus particles were produced, concentrated, and normalized by quantitative Gag immunoblotting, as previously described ([@r75], [@r76]). For PRCA coinfection assays, the competing virus pairs were additionally normalized by qRT-PCR quantification of virion-associated HIV-1 RNA.

Retroviral Expression Vectors. {#s12}
------------------------------

HLTFo cDNA was obtained from GenScript. HLTF mutants were generated using a Quikchange Lightning Kit (Agilent). HLTFo and its variants were subcloned into pEasiLv-puro lentiviral vector (pEasiLv-puro_HLTFo). The pEasiLv-puro was constructed by replacing the SpeI-SalI fragment comprising E2-Crimson gene in pEasiLv ([@r77]) (kindly provided by Mike Malim, King's College London, London) with puromycin *N*-acetyl-transferase gene, using a NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs). Viral particles were produced from HEK293 T cells as previously described ([@r24], [@r75]).

PRCA in T Cell Lines. {#s13}
---------------------

Pairs of HIV-1 viruses to be tested in PRCA were normalized by qPCR quantification of reverse-transcribed viron-associated HIV-1 RNA, mixed at an ∼1:1 ratio, quantified again by qPCR, and then mixed again at a corrected 1:1 ratio. In some experiments, viruses were normalized based on their infectivity to CEM.SS T cells in single-cycle infections. The virus mixtures were incubated with 1 μL of Turbo DNase (catalog no. AM2238; Ambion) in 50 μL of RPMI supplemented with 1× Turbo DNase reaction buffer at 37 °C for 30 min before infection. CEM.SS or HPB.ALL T cells (1 × 10^5^ cells) were infected with the virus mixture at a combined moi between 0.006 and 0.02, in a dose--response experiment, in 1 mL of cell culture medium in wells of a 24-well plate. The cultures were counted, and cell density was adjusted to 0.5 × 10^5^ cells per milliliter on 3 dpi and 5 dpi. At 7 dpi, the percentage of RFP^+^ cells was determined by flow cytometry, and the infected cultures with fewer than 5% RFP^+^ cells were then selected for quantification of the competing viruses.

PRCA in Primary CD4^+^ T Cells. {#s14}
-------------------------------

CD4^+^ T cells were purified from human peripheral blood mononuclear cells (PBMCs), as described previously ([@r24]). Then, 1 × 10^6^ cells per milliliter in six-well plates were activated with Dynabeads Human T-Activator CD3/CD28 (Invitrogen) in the presence of IL-2 (30 U⋅mL^−1^) in RPMI 1640 medium supplemented with 10% FBS, penicillin, and streptomycin. Two days postactivation, the cells were seeded at 1 × 10^5^ cells, in 100 μL of complete RPMI medium, in 96-well round-bottom plates; the cells were then infected with 1:1 mixtures of the viruses to be tested, at an moi of 0.006--0.02, by spinoculation at 2,500 × *g* for 90 min at 22 °C; subsequently, cells were plated in 0.5 mL of complete RPMI medium supplemented with 30 U⋅mL^−1^ IL-2 in 24-well plates. The infected cultures were counted on 1 dpi and 3 dpi, and RFP^+^ cells were determined by flow cytometry. Supernatants from cultures with fewer than 5% of RFP^+^ cells (200 μL and 40 μL) were used to spinoculate a fresh batch of CD4^+^ T cells that had been activated 2 d earlier, as described above. The competing viruses were quantified 3, 5, and 7 d after the initial HIV-1 infection. Each of the experiments shown in [Fig. 2](#fig02){ref-type="fig"} was performed with PBMCs from a different donor.

Quantification of Cell-Associated HIV-1 DNA by Real-Time PCR. {#s15}
-------------------------------------------------------------

Cell cultures were collected into 1.5-mL maximum recovery tubes (Axygen), and cells were pelleted by centrifugation at ∼200 × *g* for 5 min. Two hundred fifty microliters of the supernatant was collected for isolation of cell-free viral RNA. Total DNA was isolated from cell pellets with a DNeasy Blood & Tissue Kit (Qiagen) and quantified using a Qubit dsDNA HS Assay Kit, and DNA was diluted to 10 ng/μL with tRNA solution (10 ng/μL). Twenty-microliter qPCR reactions contained 10 μL of Power SYBR Green PCR Master Mix (Applied Biosystems), 1 μL of each primer solution (5 μM), 3 μL of H~2~O, and 5 μL of total DNA at 10 ng/μL, or 5 μL of 1:50 diluted reverse-transcribed cell-free RNA. Three technical replicates were analyzed for each DNA sample, with primers specific for the RFP and mRFP, or *vpr*.*wt* and *vpr.Δ*, amplicons (listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental)). qPCR was performed with a denaturation step at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, primer annealing at 60 °C for 15 s, and primer extension at 72 °C for 20 s, on an ABI StepOnePlus Real-Time PCR system. Data were collected during the elongation step. Standards for quantification of the RFP and mRFP amplicons, ranging from 10^−3^ to 10^1^ HIV-1 copies per cell, were prepared by serially 10-fold--diluting the appropriate HIV-1 NL4-3 provirus plasmid DNA (∼14 kb) into CEM.SS T cell genomic DNA. For each experiment, a standard curve of the amplicon measured was run in duplicate.

Quantification of HIV-1 RNA. {#s16}
----------------------------

Total viral RNA was isolated from 250 μL of cell culture supernatant using TRIzol LS (Ambion; Life Technologies) and resuspended in 35 μL of RNase-free water, and reverse transcription was performed using 10.5 μL of RNA solution, 1 μL of 100 ng/μL random hexamers (New England Biolabs), and 0.5 μL of SuperScript II Reverse Transcriptase (Invitrogen). The reverse transcription products were diluted 1:50 with tRNA (10 μg/mL) for qPCR quantification of the RFP/mRFP amplicons using primers listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818401116/-/DCSupplemental).

Cell Lines and Gene Transfer. {#s17}
-----------------------------

HEK293T cells were maintained in DMEM supplemented with 10% FBS, 2 mM [l]{.smallcaps}-glutamine, and penicillin/streptomycin in 5% CO~2~ at 37 °C. CEM.SS and HPB.ALL T cells ([@r78], [@r79]) and their derivatives (obtained through the NIH AIDS Reagent Program) were maintained in RPMI 1640 medium supplemented as above. Cell lines harboring the puromycin *N*-acetyl-transferase resistance marker were maintained in the presence of puromycin (2 μg/mL). CEM.SS_iHLTFo T cells were constructed by transduction of CEM.SS and T cells with pEasiLv-puro_HLTFo lentiviral vector. HLTFo expression was induced with doxycycline (100 ng/mL; Sigma--Aldrich), unless indicated otherwise.

Drug Treatments. {#s18}
----------------

CEM.SS T cells were cultured in the presence of the following drugs starting ∼12 h before HIV-1 infection and continuing through the duration of PRCA: prostratin (0.1 μM), JQ1 (0.1 μM), GDC-0941 (1 μM), rapamycin (2.5 μM), SAHA (200 nM), GSK343 (2 μM), EX527 (10 μM), SGC0946 (2 μM), C646 (3 μM), UNC0638 (1 μM), and TSA (3 nM). The chosen concentrations were the highest that resulted in \>80% cell viability. The drugs were replenished at the time of each subculturing.

RNAi. {#s19}
-----

Stable RNAi was performed with the following: retroviral MSCV(EGFP)-miR30E vector expressing NT or gene-specific enhanced mir30E shRNAs ([@r80]); pSRG vector expressing NT1 or NT2, cGAS-targeting, or TASOR-targeting shRNAs; and pGIPZ-lentiviral vectors expressing NT or TET2-targeting shRNA ([@r31]). The mir30E-based shRNAs targeted the following sequences: NT: TAAGGCTATGAAGAGATAC, HLTF.31: CAGATGTACACTTGAATTTTA, HLTF.33: AACTATAATGCTTCTGTCCTA, Exo1.33: GACGACAAGCCAATCTTCTTA ([@r29]), and Exo1.34: CAGATGTAGCACGTAATTCAA ([@r29]). The pSRG-based shRNAs targeted the following: NT1: TAAGGCTATGAAGAGATAC, NT2: CTCCCGTGAATTGGAATCC, cGAS.2: GATGCTGTCAAAGTTTAGGAA, cGAS.3: CAACTACGACTAAAGCCATTT ([@r81]), and TASOR: GAGGAAGCTTGAGGATCTA ([@r59]). The cells were transduced with retroviruses expressing individual NT mir30E-based shRNAs and shRNA at an moi of 3:1 or a mixture of mir30E shRNAs (HLTF) or shRNAs (cGAS) at a combined moi of 3:1. In some experiments, the positively transduced GFP^+^ cells were isolated by cell sorting on a FACS Aria and expanded for 3 to 4 d. The cells were used for PRCA at 3 dpi of RNAi, or at 6--7 dpi of RNAi if enriched by cell sorting.

Flow Cytometry and Cell Sorting. {#s20}
--------------------------------

When the percentage of GFP-expressing CEM.SS T cells subjected to RNAi was \<85%, the GFP^+^ cells were purified by cell sorting on a FACSAria (3 × 10^5^ GFP^+^ cells) and then expanded for 4 d before the initiation of PRCA. To visualize proliferation rates, CEM.SS T cells (2 × 10^5^) were suspended in PBS (200 μL), reacted with Celltracer Far Red (1.5 μL; Thermo Fisher Scientific) at 37 °C for 20 min, washed with RPMI 1640 for 5 min, pelleted by centrifugation, resuspended in 1 mL of complete RPMI 1640 medium, and cultured for 5 d. The cell fluorescence was characterized 10 min after staining and then 2 d and 5 d later with a BD LSR Fortessa flow cytometer and analyzed using FlowJo software.

Antibodies and Immunoblotting. {#s21}
------------------------------

Whole-cell extracts were separated by SDS/PAGE, transferred to a PVDF membrane, and immunoblotted with appropriate primary antibodies, and immune complexes were revealed with HRP-conjugated antibodies specific for the Fc fragment of mouse or rabbit IgG (Jackson ImmunoResearch Laboratories) and enhanced chemiluminescence, or with fluorescent secondary antibodies (KPL) and an Odyssey Infrared Imager (Licor), as previously described ([@r18]). The following primary antibodies were used: α-HLTF (A300-230A; Bethyl Laboratories, Inc.), α-α-tubulin (sc-5286; Santa Cruz Biotechnology), α-TFIID (sc-204; Santa Cruz Biotechnology), α-lamin B1 (ab16048; Abcam), α-Flag (F1804; Sigma-Aldrich), α-FAM208A (HPA006735; Sigma--Aldrich), α-PPHLN1 (HPA038902; Sigma--Aldrich), α-DDB1 (37-6200; Invitrogen), α-SF2 (provided by A. Krainer, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY), and α-HA (12CA5) ([@r82]), α-c-myc (9E10), and α-HIV-1 CA (183-H12-5C) (all produced in-house) ([@r24]). The α-HIV-1 Vpr antibody and 183-H12-5C hybridoma were obtained from Jeffrey Kopp and Bruce Chesebro, respectively, AIDS Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, NIH, Germantown, MD ([@r83]).

Statistical Analyses. {#s22}
---------------------

Statistical significance of the data was analyzed using one-way ANOVA with a post hoc Tukey test or *t* test, and graphs were prepared using GraphPad Prism 7 for Mac OS X (GraphPad Software). *P* values lower than 0.05 were considered statistically significant.
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